Background/Aims: Ovarian cancer is often diagnosed at later stages with poor prognosis. Recent studies have associated the expression of deubiquitylase USP7 with the survival of ovarian cancers. Being a cysteine protease, USP7 could become a target for pharmacological intervention. Therefore, in this study, we assessed the influence of its inhibitor P5091 on ovarian cancer cells. Methods: Ovarian cancer cells were treated with P5091, and cell proliferation was measured with MTT assay; cell morphology was inspected under a phase-contrast microscope; cell cycle and cell death were examined by flow cytometry. To gain mechanistic insights into its effects, immunoblotting was performed to detect USP7, HDM2, p53, p21, apoptosis and autophagy related proteins. Results: P5091 effectively suppressed the growth of ovarian cancer cells, caused cell cycle blockage, and induced necrosis and apoptosis with more severe phenotypes observed in HeyA8 cells with wild-type p53 than in OVCAR-8 cells with mutant p53. P5091 also prompted autophagy, with more efficient p62 degradation in HeyA8. Conclusion: P5091 shows efficacy in suppressing ovarian cancers harbouring wild-type and mutant p53. Its effects seemed to be enhanced by wild-type p53. The potency of this USP7 inhibitor also correlated with autophagy to some extent. Therefore, the pharmacological targeting of USP7 may serve as a potential therapeutic strategy and warrants further investigation.
Introduction
Ovarian cancer is a major type of cancer diagnosed in the field of gynecology. Deaths caused by ovarian cancer worldwide are on the rise, with estimations from approximately 100, 000 cases in 1990 to more than 150, 000 cases in 2013 [1] . The majority of ovarian cancer cases are diagnosed at the later stages of the disease, and taxane and platinumbased chemotherapies are routinely adopted clinically [2, 3] . Approximately 3.5% and 3.2% of ovarian cancers harbour somatic mutations in BRCA1 and BRCA2, respectively; these mutations identify a subgroup of patients eligible for targeted therapy with the PARP inhibitor olaparib [4, 5] . Another FDA-approved targeted therapy in the clinical management of ovarian cancer is the anti-angiogenesis agent Bevacizumab, which is a VEGF antibody [6, 7] . In view of these limited approved targeted therapies for ovarian cancer, many efforts have been made to search for novel intervention targets in order to improve patient survival [8] .
The ubiquitin proteasome pathway is the major means by which cellular proteins are degraded via post-translational modifications with ubiquitin [9, 10] . Deubiquitinating enzymes (DUBs) are a group of proteins that can remove ubiquitin moieties from substrates to reverse ubiquitination mediated cellular processes such as proteasomal degradation [11, 12] . Ubiquitin specific proteases (USPs) comprise the largest family of DUBs, with over 50 cysteine proteases; one of these, USP7, has been closely implicated in tumourigenesis and cancer progression [13, 14] . It has recently been shown that the expression of USP7 correlates with lymph node metastasis and poor prognosis in epithelial ovarian cancers [15, 16] . Based on these observations, in the present study we investigated whether the pharmacological inhibition of USP7 by its small molecule inhibitor P5091 can suppress ovarian cancer growth in vitro. We found that the USP7-inhibitor P5091 is capable of inducing cell death in ovarian cancers harbouring either wild-type or a mutant form of p53, suggesting that pharmacological targeting of USP7 in ovarian cancers may be a potential therapeutic strategy.
Materials and Methods

Antibodies and other reagents
Rabbit anti-USP7 (ab4080) and anti-p21 [EPR3993] (ab109199) antibodies were purchased from Abcam. Mouse anti-HDM2 (SMP14) and anti-p53 (DO-1, SC-126) antibodies were from Santa Cruz Biotechnology. Rabbit anti-Caspase-3 (9662), anti-BCL-2 (50E3) (2870), and anti-MCL-1 (D35A5) (5453) antibodies were obtained from Cell Signaling Technology. Mouse anti-GAPDH, rabbit anti-PARP1 (13371-1-AP), and mouse anti-Actin antibodies were from Proteintech (Wuhan, China). The USP7 inhibitor P5091 was purchased from Selleck.
Cell culture
Human ovarian cancer cell lines and normal cell line were incubated at 37ºC in a humidified incubator (Thermo) with a CO 2 concentration of 5%. HeyA8 and OVCAR-8 cells were maintained in Dulbecco's modified Eagle's medium (DMEM, Gibco, USA), and SKOV3 cells were cultured in McCoy's 5A medium (Gibco, USA). The normal ovarian cell line T80 (a generous gift from Dr. Jin Q. Cheng, H. Lee Moffitt Cancer Center, US) was maintained in Dulbecco's modified Eagle's medium. All cells were cultured in the presence of 10% foetal bovine serum (Gibco, USA) and 1% antibiotics (penicillin/streptomycin, Thermo Fisher Scientific).
Cell proliferation assay
The proliferation of ovarian cancer cells was determined using the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide tetrazolium (MTT) method. In brief, 4000 ovarian cancer cells per well were seeded in a 96-well plate and incubated overnight. The next day, cells were treated with the P5091 inhibitor or DMSO as control, for the indicated times. MTT was added, and cells were placed back into the incubator for 3 hours. Then, DMSO was added to dissolve formazan and absorbance was recorded at 570 nm with a spectrometer. 
Western blotting
Following PBS washes, ovarian cancer cells were lysed in RIPA buffer (1% w/v Triton X-100, 0.1% w/v SDS, 10 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% sodium deoxycholate) supplemented with protease and phosphatase inhibitors. Cell lysates were centrifuged to remove aggregates and cell debris. Protein concentrations were measured using the Bradford assay. Western blotting was performed as previously described [17] . To summarise, proteins were subjected to SDS-PAGE analysis and blotted to nitrocellulose membranes (Merck Millipore). Membranes were blocked with 5% non-fat milk in PBS at room temperature, before primary antibody incubation at 4ºC overnight. Membranes were washed with PBS and incubated with corresponding secondary antibodies (LICOR 680 nm or 800 nm infrared labeled). Membranes were detected on a LICOR Odyssey scanner, and images were quantitated using Image Studio (Version 4.0) following the manufacturer's instructions.
Fluorescence microscopy
Hoechst 33342 staining was performed as previously described [18] . In brief, ovarian cancer cells were seeded onto 35-mm dishes and incubated under normal conditions overnight. The next day, cells were treated with the P5091 inhibitor (DMSO as control), before Hoechst 33342 was added to final a concentration of 5 µg/ml. Cells were replaced back in the incubator for another 10 minutes, and then staining was examined immediately using a reversed fluorescence microscope (Olympus, Japan) with Hoechst 33342 detected in the blue channel.
Flow cytometry
Human ovarian cancer cell lines (HeyA8 and OVCAR-8) were treated with 50 μM of P5091 or DMSO as control. At indicated times, one million cells were collected from each condition. As previously described, in cell cycle assays harvested cells were washed with PBS and fixed in 70% ice-cold ethanol, prior to staining with 50 μg/ml of propidium iodide (PI) [19, 20] . In apoptotic assays, the cells were PBS-washed and processed for Annexin V and PI double-staining with an apoptosis assay kit (KeyGEN Biotech, China) as per the manufacturer's instruction. Stained cells were analysed with a bench-top flow cytometer (Accuri C6, BD Biosciences). Flow cytometry data were analysed with FlowJo (Version 7.6.1, LLC, USA).
Statistics
Experiments were conducted with 3 independent biological repeats in order to compare difference between groups. Experimental data are represented as the means ± standard error of the mean (SEM). Statistical differences were examined by performing two-tailed Student's t-test in GraphPad Prism software (Version 5.01), and p < 0.05 was used as a cut-off for statistical significance.
Results
The USP7 inhibitor P5091 inhibits ovarian cancer cell proliferation
To assess the effect of P5091 on the propagation of ovarian cancer cells in vitro, a series of concentrations (5-50 µM) was added into culture media of SKOV3, HeyA8, and OVCAR-8 cell lines. Cell proliferation was measured with MTT assays. Among the three cell lines, SKOV3 was the least sensitive, while HeyA8 growth was the most dramatically suppressed (Fig. 1A , B, C). At 50 µM, P5091 repressed SKOV3 growth to only 67%, but inhibited the proliferation of HeyA8 and OVCAR-8 to an average of 22% and 33%, respectively (Fig. 1A , B, C). Besides, we tested the impact of P5091 on the propagation of a normal ovarian cell line (T80). This USP7 inhibitor was also capable of inhibiting the growth of normal ovarian cells, but to a lesser extent compared to HeyA8 and OVCAR-8 (Fig. 1D) . As p53 and HDM2 are the primary targets of USP7 and SKOV3 was p53-null, we picked HeyA8 and OVCAR-8 cells for further studies [21] . We treated both cell lines with P5091 and examined cell morphology under microscope. At 12 and 24 hours, control cells treated with DMSO propagated healthily, while the growth of P5091 treated HeyA8 and OVCAR-8 cells was remarkably repressed, with some cells exhibiting rounded shapes or even detaching from the culture dish, indicative of cell death (Fig. 1E and F In subsequent cell cycle analyses, P5091-treated HeyA8 and OVCAR-8 cells displayed reduced distribution in sub-G1 phase and an increased proportion in G2/M phase, with relatively stable S phases ( Fig. 2A and B) . These results suggest that P5091 treatment led to cell cycle blockage in G2/M phase. Considering the evidence from cell morphology observations that P5091 might cause cell death, we stained P5091-treated HeyA8 and OVCAR-8 cells with the Hoechst 33342 dye, which penetrates dead cells more robustly. Compared with DMSOtreated control cells, Hoechst 33342 over-stained cells in the P5091-treated HeyA8 group were dramatically increased to 19.69% and 70.32% by 12 and 24 hours, respectively (Fig.  2C) . Likewise, P5091 treatment also resulted in the elevation of Hoechst 33342 over-stained OVCAR-8 cells to 4.66% and 22.01% at 12 and 24 hours, respectively (Fig. 2D) . 
P5091 induces cell death in ovarian cancer cells
Since increased Hoechst 33342 staining primarily indicates plasma membrane damages and cell death, we performed flow cytometry with propidium iodide and Annexin V doublestaining to closely examine the features of P5091-triggered cell death and gain insights on the impact of P5091 on ovarian cancer cells. As shown in Fig. 3A, HeyA8 and OVCAR-8 cells treated with P5091 showed increased necrosis as evidenced by Annexin V negative and PI positive staining, which were 23.8% and 10.8% in HeyA8 and OVCAR-8, respectively. In addition, P5091 treatment in both ovarian cancer cell lines led to significant increases in apoptosis as revealed by enhanced Annexin V staining (23% and 8.6% in HeyA8 and 
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OVCAR-8, respectively) (Fig. 3A) . These results are consistent with data from Hoechst 33342 staining and cell proliferation assays, which revealed that P5091 exerted stronger effects on HeyA8 than OVCAR-8 cells. Nevertheless, it induced necrosis and apoptosis in both cell lines.
To confirm the pro-apoptotic effects of P5091 on ovarian cancer cells, we performed immunoblotting experiments to examine the expression of apoptosis-related markers. As illustrated in Fig. 3B and C, P5091 addition in HeyA8 cells resulted in the formation of cleaved forms of Caspase-3 and PARP indicating apoptosis. However, P5091-induced apoptosis appeared to be weaker in OVCAR-8 cells, as only a faint, cleaved band of PARP was detected after 30 hours. Furthermore, we examined the expression of anti-apoptotic proteins MCL-1 and BCL-2 in P5091-treated HeyA8 and OVCAR-8 cells. As shown in Fig. 3D , the levels of both MCL-1 and BCL-2 were reduced by P5091 in HeyA8 cells, while these anti-apoptotic proteins remained stable following P5091 treatment in OVCAR-8 cells. These data collectively suggest that OVCAR-8 cells are more resistant to P5091-induced cell death compared to HeyA8. Cells were counted and double-labelled with PI and Annexin V before analysis using a flow cytometer. Scatter plots from representative data show increases in necrotic and apoptotic populations post P5091 addition. B and C, HeyA8 and OVCAR-8 cells were treated with 50 µM of P5091 for indicated times and lysed to harvest proteins. Samples were resolved on SDS-PAGE gels and then transferred to nitrocellulose membranes for immunoblotting assays. Caspase-3 and PARP were probed to detect apoptosis. GAPDH and Actin were probed to confirm equal loading. * denotes a faint band for cleaved PARP. D, samples from B and C were analysed by immunoblotting with MCL-1 and BCL-2 antibodies. GAPDH and Actin blots show equal loading. 
P5091 regulates HDM2 and p53 levels in HeyA8 cells
In the initial study on the USP7 inhibitor P5091, Anderson and colleagues investigated the effects of P5091 on multiple myeloma cells [22] . It was shown that P5091 destabilised HDM2, upregulated p53 and p21, and caused apoptosis. Therefore, we performed immunoblotting assays to investigate whether the same scenario occurred in ovarian cancer cells. In HeyA8 cells, the levels of HDM2 and USP7 decreased after P5091 treatment, most prominently at 24 hours (Fig. 4A) . A concomitant upregulation in p53 and p21 expression was observed at 6 hours of P5091 treatment, followed by a gradual decrease (Fig. 4B) . Conversely, USP7 remained relatively stable in OVCAR-8 cells until 30 hours of P5091 treatment, although slightly reduced HDM2 expression was observed (Fig. 4C) . Furthermore, the abundance of p53 was not sensitive to P5091 exposure in OVCAR-8 cells despite the prolonged incubation time, although p21 showed an upregulation at 6 hours (Fig. 4D) .
P5091-induced cell death associated with autophagy
In the attempt to understand the different responses to P5091 treatment of HeyA8 and OVCAR-8 cells, we observed that many vacuoles accumulated in P5091-treated OVCAR-8 cells but not in control cells or inhibitor-treated HeyA8 cells (Fig. 5A ). This phenomenon prompted us to speculate that P5091 might induce autophagy in OVCAR-8 cells. Therefore, we performed immunoblotting experiments to examine the pivotal markers of autophagy, LC3 and p62. Interestingly, the LC3-I to LC3-II transition was enhanced by P5091 in both HeyA8 and OVCAR-8 cells at 6 and 12 hours, indicating increased autophagosome formation (Fig. 5B) . In HeyA8 cells, P5091 treatment led to significantly reduced p62 expression levels after 24 hours, while the inhibitor only caused a marginal decrease after prolonged Fig. 4 . P5091 regulates p53 and p21 levels through HDM2 in HeyA8 cells. A and B, HeyA8 cells were treated with P5091 for indicated times, and cell lysates were collected. Samples were analysed by immunoblotting using USP7, HDM2, p53, and p21 antibodies. Actin was probed to confirm equal loading. Bar charts below show quantification data from 3 independent experiments. All error bars represent standard error of the mean (n = 3, * represents p<0.05). C and D, OVCAR-8 cells were treated identically to HeyA8, and cell lysates were separated by SDS-PAGE followed by immunoblotting assays using USP7, HDM2, p53, p21, Actin, and GAPDH antibodies.
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incubation (by 30 hours) with OVCAR-8 cells (Fig. 5B) . These immunoblotting results confirm that P5091 can induce autophagy in both ovarian cancer cell lines as revealed by increased autophagosome formation, although the degradation of p62 was more efficient in HeyA8 cells compared to OVCAR-8 cells.
Discussion
Ovarian malignancy is a common type of cancer diagnosed in women [23] [24] [25] . Unfortunately, patients are often diagnosed at the later stages of the disease, thus facing limited therapeutic options and poor clinical outcomes [26] . Neoadjuvant therapy combining chemotherapy and surgery has proven effective and is frequently clinically administered [27, [29, 30] . Nonetheless, BRCA1/2 mutationpositive cancers only compose less than 10% of all ovarian cancers, and the overall 5 year survival rate of ovarian cancer remains unsatisfactory [31, 32] . To develop novel therapeutic strategies to improve ovarian cancer survival, there is urgent need to discover additional therapeutic target that can ideally be pharmacologically intervened [33, 34] . Recent investigations have linked the expression of deubiquitylase USP7 with poor prognosis in ovarian cancer [16, 35] . Therefore, in the current study we investigated the effectiveness of the USP7 inhibitor P5091 to suppress ovarian cancer growth in vitro. P5091 was originally identified through a high-throughput screen as a specific inhibitor to USP7 with an EC 50 of less than 5 µM [22] . It was shown to be capable of inducing apoptosis and overcoming bortezomib resistance in multiple myeloma [22] . Further studies in other cancer types revealed that P5091 can down-regulate CCDC6, sensitize lung neuroendocrine cancer to PARP inhibitors, and deter Wnt signalling to repress colorectal tumour growth [36, 37] .
In our proliferation assays, P5091 inhibited the growth of SKOV3, HeyA8, and OVCAR-8 cells. Among the 3 ovarian cancer cell lines, SKOV3 did not express p53 protein, while HeyA8 and OVCAR-8 expressed wild-type and mutant p53, respectively [38, 39] . Considering the evidence that P5091 can regulate p53 levels and SKOV3 was the least sensitive to P5091, we chose HeyA8 and OVCAR-8 cells for further study. Based on cell morphology observations and Hoechst 33342 staining, we reasoned that P5091 induced cell death in HeyA8 and OVCAR-8. As P5091 was initially reported to induce apoptosis in multiple myeloma cells, we assessed its effect in ovarian cancer cells by flow cytometry with PI and Annexin V doublestaining. As expected, P5091 also induced apoptosis in HeyA8 and OVCAR-8 cells, although less prominently in OVCAR-8 cells as judged by the immunoblotting of apoptosis-related markers. In addition, data from flow cytometry analyses revealed an augmented necrotic population in P5091 treated samples, with more substantial increases in HeyA8 than in OVCAR-8 cells.
From the mechanistic aspect, P5091 in HeyA8 cells decreased HDM2 and USP7 levels, leading to the early upregulation of p53 and p21 with subsequent decrease, while both USP7 and p53 remained stable in OVCAR-8 during P5091 treatment. These results correlate well with the phenotypic observations that P5091 led to more dramatic damages in HeyA8 compared to OVCAR-8 cells. In the previous report, p53 upregulation was also apparent following P5091 addition but persisted much longer in multiple myeloma cells [22] . In HeyA8 cells, p53 and p21 appeared to be labile following P5091-induced increase, suggesting an alternative E3 ligase or degradation pathway rather than the involvement of HDM2 [40, 41] . Considering the fact that HeyA8 and OVCAR-8 harbour wild-type and mutant p53, respectively, it is likely that the increased sensitivity of HeyA8 cells to P5091 may be somewhat attributed to wild-type p53. However, it should be noted that the inhibitory effects of P5091 can happen in a p53-independent manner as described by Anderson and colleagues, which is consistent with our data on SKOV3 cells, which lacked p53. Another interesting observation is that in both HeyA8 and OVCAR-8 cells, P5091-induced cell death is accompanied by autophagy, with less efficient p62 degradation and accumulated vacuoles in OVCAR-8 cells. It thus seems that more severe cell death induced by P5091 correlates with efficient autophagy as observed in HeyA8 cells, while the moderate toxicity of P5091 is associated with less effective autophagy in OVCAR-8 cells. Notably, it has been proposed that mutant p53 can function to suppress autophagy, which is consistent with our observations in OVCAR-8 cells that carry a p53 mutant [42] . In addition, it has been shown that certain ovarian cancer cells, including multiple OVCAR cancer cell lines, exhibit the multi-drugresistant (MDR) feature [43] . Therefore, the differences in MDR capabilities of ovarian cancer cells may also contribute to their differential sensitivity to the USP7 inhibitor P5091.
In the present study, we evaluated the effects of P5091 on ovarian cancer cell growth and death in vitro. Our data reveal that P5091 can effectively inhibit cell growth and induce both necrosis and apoptosis, which expands our current knowledge on this USP7 inhibitor.
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Furthermore, we showed that autophagy accompanied P5091-induced cell death in some case. However, limited ovarian cancer cell lines were used in this study, and a further inspection of other ovarian cancer cells with different p53 status is required to provide a better overview. In addition, the interplay between USP7 inhibition and p53-related autophagy awaits further investigation. To summarize, our observations provide evidence supporting the claim that USP7 can serve as a potential therapeutic target in ovarian cancer and thus warrant further studies.
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